The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is a major pest of maize, Zea mays L., in North America, and over the past two decades has spread into Europe through Þve separate invasion events (Miller et al. 2005 , Ciosi et al. 2010 . The Þrst invasion detected was in Serbia in the early 1990s, where economic levels of damage to maize occurred (Bač a and Berger 1994). Both western corn rootworm larvae and adults cause signiÞcant damage to maize, with the larvae feeding on roots and adults feeding on the silks, leaf tissue, pollen, and kernels of maize (Gray et al. 2009 ). Damage and control costs of western corn rootworm are estimated to be ϾUS$1.17 billion per year in the United States (Tinsley et al. 2013 ) and €147 million per year in Europe (Baufeld and Enzian 2005) .
The most favorable management strategy to control the western corn rootworm in the United States and Europe is crop rotation (Gray et al. 2009 ). Annual rotation of maize with a western corn rootworm nonhost crop, often soybean Glycine max (L.) Merrill, provides a simple control and management solution, as western corn rootworm larvae are unable to survive on crops other than maize. Owing to numerous western corn rootworm invasions of Europe since the 1990s, the European Union implemented mandatory pest management strategies, including crop rotation, to prevent further spread within Europe (Commission Decision 2003/766/EC). Despite this, crop rotation as a western corn rootworm control measure was only recently (post-2008) mandated by countries such as Croatia; its uptake and use to control western corn rootworm in Croatia has been slow.
The control and management of invasive insects, like western corn rootworm, is often hindered by a lack of understanding about their biology and ecology, including aspects of their invasion genetics, for example, geographic source, number of introduction events, genetic structure, and gene ßow (Mack et al. 2000) . Knowledge of evolutionary changes and the total genetic diversity of an invasive population can provide useful information to understand the genetic patterns associated with each stage of the invasion process (i.e., transportation, introduction, establishment, and spread) so that management, including monitoring and control, can be tailored to suit the invasion dynamics of the pest in question (Sakai et al. 2001) .
Recently, the population genetics of invasive species has been used in their effective control and ongoing management. That is, an understanding of western corn rootworm population genetic structure, gene ßow, and dispersal patterns has helped control the impact that they have on global agriculture and food resources. The use of population genetics to understand the invasion dynamics and genetics of insects includes the boll weevil Anthonomus grandis Bohemian (Kim and Sappington 2006) , Linepithema humile Mayer (Holway et al. 1998) , Solenopsis invicta Buren (Tsutsui et al. 2001) , and western corn rootworm in Europe (Ciosi et al. 2008 (Ciosi et al. , 2010 Bermond et al. 2012; Lemic et al. 2013) .
Population genetic principles and theory have been applied to the western corn rootworm to monitor the genetic variation present and the success of control measures used in Europe (Ciosi et al. 2010 , Lemic et al. 2013 . Using microsatellite markers, it was possible to demonstrate in central and southeastern Europe that crop rotation was effective in controlling the western corn rootworm. As a result, western corn rootworm populations were forced into bottlenecks, causing once-connected populations to fragment and thus restricting gene ßow (Sivcev et al. 2009 , Ciosi et al. 2010 .
The use of genetic variation to characterize dispersal patterns and retrace past movements continues to be important, not only to reconstruct an invasion but also to track the spread or dispersal of the invasive species (Sakai et al. 2001 , Guillemaud et al. 2011 , Mazzi and Dorn 2012 . Since the discovery of the western corn rootworm in Serbia, and the outbreaks that closely followed in Croatia, extensive physical monitoring of the invader using sticky traps and pheromone traps has taken place across Europe (for a discussion of this see Lemic et al. 2013) . However, more sophisticated monitoring techniques such as microsatellite and mitochondrial (mt) DNA-based genetic monitoring is required to identify the geographic source of a population and in doing so provides crucial information about the history of the invasion while allowing comparisons of the genetic diversity to be made between the source and invading population. Identifying the geographic source of western corn rootworm has been successfully conducted previously on inter-and intracontinental scales by Miller et al. (2005) and Ciosi et al. (2008) . However, neither of these studies focused on the population genetics of western corn rootworm on a microgeographic scale within Europe. Currently, there is lack of detailed population genetic information on small scales that is country speciÞc, as well as baseline genetic data on whether control practices have inßuenced western corn rootworm population genetics on a microgeographic scale.
In this study, nuclear microsatellites and mtDNA were used to genetically monitor western corn rootworm populations on a microgeographic scale in Croatia. These markers were used to compare the genetic variability and genetic structure of western corn rootworm sampled in 1996, 2009, and 2011 from Croatia and Serbia and from the United States in 2011 only. Microsatellites were used to evaluate whether the Croatian, Serbian, or U.S. populations had undergone a bottleneck event from 1996 to 2011 and to establish the most likely geographic source of western corn rootworm in Croatia. mtDNA was used for the Þrst time in the genetic monitoring program utilized in Croatia and was used to complement the microsatellite data. Western corn rootworm sampled from Serbia and the United States were used as reference samples because it was suspected that Serbia is the source of western corn rootworm in Croatia, and the United States is the source of western corn rootworm in Serbia and consequently Europe.
Materials and Methods
Sample Collection and Processing for Microsatellite Genotyping. Methods used to collect and process western corn rootworm for microsatellite genotyping are outlined in detail by Lemic et al. (2013) . A subset of the dataset of Lemic et al. (2013) was used in this study and provided the genotypes for western corn rootworm sampled in 1996 and 2009 in Croatia and Serbia. In this study, 619 adult western corn rootworm were sampled from six locations in Croatia and one location in Serbia in 1996 and seven locations in the United States in 2011 (Fig. 2) .
Cytochrome c Oxidase Subunit I (COI) Polymerase Chain Reaction (PCR), Sequencing, and Alignment. PCR was used to amplify a single COI fragment from western corn rootworm sampled in 1996, 2009, and 2011 from Croatia and Serbia and in 2011 from the United States. The primers C1-J-2183 (5Ј-CAACATT-TATTTTGATTTTTTGG-3Ј) and TL2-N-3014 (5Ј-TCCAATGCACTAATCTGCCATATTA-3Ј; Simon et al. 1994) were used to amplify an 831-bp fragment of COI. The PCR analyses were carried out in a 40 l of Þnal volume with Ϸ30 ng/l of genomic DNA, where 50 nM of each primer (Þnal concentration) and 1ϫ GoTaq Green Master mix (Promega, Madison, WI) was used. The thermal cycling conditions consisted of an initial denaturation step at 94ЊC for 90 s, followed by 35 cycles at 94ЊC for 15 s, 46ЊC for 45 s, and 72ЊC for 90 s, followed by a Þnal elongation step at 72ЊC for 90 s. On conÞrmation of PCR success by agarose gel electrophoresis, the PCR product was puriÞed using either the EZ-10 Spin Column DNA Cleanup kit (BioBasic Inc., Markham, Canada) or the DNA Gel Extraction kit (BioBasic Inc.). PuriÞed PCR products were sequenced by Macrogen Inc. (Gasan-dong, Korea) using an Applied Biosystems (ABI) 3730XL (Foster City, CA).
Sequences were visually inspected and manually edited to remove the primer sequences and to correct ambiguous base calls. To reduce the probability of error present within the sequence data, only sequences with a minimum Phred quality score of 20 were retained for analyses (Morin et al. 2010 ). Sequences were then assembled into a contiguous consensus sequences for each fragment using Chro-masPro v 1.6 (Technelysium Pty Ltd., Tewantin, Australia). Consensus sequences were submitted to the Basic Local Alignment Search Tool to conÞrm species and fragment identiÞcation and were then deposited into GenBank (KC347611-KC347715). Sequence alignment was performed in MEGA v 4 (Tamura et al. 2007) , with multiple alignments performed using the built-in version of ClustalW (Thompson et al. 1994 ) and the default parameters.
Data Analysis. Microsatellites. Number of alleles, Weir and CockerhamÕs (1984) inbreeding coefÞcient (F IS ), and Weir and CockerhamÕs (1984) (F ST ) , for each population and locus was estimated using FSTAT v 2.9.3.2 (Goudet 2002) . Observed (H O ) and expected (H E ) heterozygosity and deviations from HardyÐ Weinberg equilibrium (HWE) for each population were estimated using GENEPOP on the web v 4.0.10 (Raymond and Rousset 1995) . Exact tests, to calculate signiÞcant differences between populations, were estimated using the Markov chain method with 10,000 dememorization steps, 10,000 batches, and 10,000 iterations, also using GENEPOP on the web. Exact tests are considered accurate even for small sample sizes and low-frequency alleles (Raymond and Rousset 1995) .
Bayesian model-based clustering was used to investigate population or genetic clustering in STRUC-TURE v 2.3.3 (Pritchard et al. 2000) . A series of six independent runs for each value of K between 1 and 14 were conducted. In each run, an admixture model and a burn-in of 100,000 iterations was used. Sampling locations were not used as informative priors in an effort to not force STRUCTURE to consider sampling locations as putative populations. Probability estimates were obtained after 1,000,000 Markov chain Monte Carlo iterations. EvannoÕs method (Evanno et al. 2005) , as implemented in STRUCTURE HAR-VESTER v 0.6.92 (Earl and vonHoldt 2012) , was used to estimate the most likely number of genetic clusters (⌬K).
The presence of recent population bottlenecks, within the 1996, 2009, and 2011 populations, was assessed with the program BOTTLENECK v 1.2 (Piry et al. 1999 ) using two models (i.e., stepwise-mutation model [SMM] and the two-phase mutation model [TPM] ). The TPM incorporates both the stepwise and multiple-step model. The TPM was run for 100,000 simulations using a proportion of 95% SMM in TPM, with 5% variance. The Wilcoxon signed-rank test was applied to determine signiÞcant deviations of heterozygosity (H e ) across all loci relative to the expected driftÐmutation equilibrium (H eq ; Luikart and Cornuet 1998). Analyses of allele frequency distribution, to detect a mode-shift, were used as an additional indicator of population bottlenecks .
IdentiÞcation of the most likely geographic source of populations was performed by calculating the mean individual assignment likelihood (L) for each individual (i) to the possible source population (s), referred to as L i3s (Rannala and Mountain 1997, Pascual et al. 2007 ), using GENECLASS v 2.0 (Piry et al. 2004) . L i3s values were calculated using the Rannala and Mountain (1997) criterion, Paetkau et al. (2004) simulation algorithm, and 1,000,000 simulated individuals. Evaluation of the most likely source population was determined in each sample based on the combined lowest F ST and the highest L i3s values .
Cytochrome c Oxidase Subunit I. The number of haplotypes and the number of polymorphic sites were derived using DnaSP v 5.10.1 (Librado and Rozas 2009) . A parsimony network was produced using TCS v 1.21 (Clement et al. 2000 ) that enforced 95% parsimony connection limits. Pairwise genetic structure (F ST ) between populations was estimated using Arlequin v 3.11 (ExcofÞer et al. 2005) .
Results
The population genetic results for the 1996 and 2009 samples from Croatia and Serbia are described in detail in Lemic et al. (2013) . Therefore, the following results section will focus on the 2011 samples and draw upon key results from the 1996 and 2009 samples for comparative purposes.
Microsatellites. Genetic Diversity. The mean number of alleles per locus from samples collected in 2011 ranged from 1 (Dba05) to 14 (DVV-D8), with an overall mean of 7.7 alleles per locus (Table 1) . The largest mean number of alleles per locus was found within U.S. populations (9.5). Heterozygosity estimates (H O and H E ) over all loci and populations were similar in both Europe and the United States. Average H O per population ranged from 0.57 to 0.79, while the average H E ranged from 0.58 to 0.68. F IS estimates per locus and per population ranged from Ϫ0.75 to 0.42.
The majority of populations examined did not signiÞcantly deviate from HWE, and populations with signiÞcant deviations were noted at only a few loci (Table 1) . That is, signiÞcant deviations from HWE were present for Surč in (DVV-T2), Vrbanja (Dba07), Urbana (DVV-D8), Concord (DVV-D4), and Larrabee (DVV-D4) and were associated with positive F IS values, indicative of homozygote excess. Conversely, signiÞcant deviations from HWE were present for Surčin (DVV-T2, Dba05), Rugvica (Dba05), Vrbanja (Dba05, DVV-D8), Urbana (Dba07), Concord (Dba05), Minonk (Dba05), and Nashua (DVV-T2) and were associated with negative F IS values, indicative of heterozygote excess.
Allelic Frequencies. In total, 70 alleles were identiÞed from Europe (46 alleles) and the United States (57 alleles) in 2011 (Table 2) . Of all the known alleles, 46% of them were found in the Rugvica, Croatia population, of which, 43% of these were present within U.S. populations and 10% were new alleles to both Europe and the United States. Dekalb, Minonk, and Urbana in the United States, where resistant variants are found (shaded gray in Table 2 ), had eight alleles (underlined in Table 2 ) unique to these sites. One of these unique alleles was found in Surč in (Serbia) and the Bošnjaci, Mikanovci, Gola, Stupovač a, and Rugvica populations in Croatia.
Genetic Differentiation. A detailed temporal and spatial comparison of genetic differentiation is given in Supp. Table 1 (online only). In 2011, pairwise comparisons of F ST revealed low to moderate levels of differentiation depending on the geographic scale of the comparison (F ST ϭ Ϫ0.02Ð 0.11; Table 3 ). NonsigniÞcant low levels of differentiation were found on a microgeographic scale (15Ð350 km) within the European populations (F ST ϭ Ϫ0.02Ð 0.01) and on a regional mesogeographic scale (110 Ð 800 km) within U.S. populations (F ST ϭ Ϫ0.01Ð 0.005). SigniÞcant levels of differentiation were found on the intercontinental scale between European and U.S. populations (F ST ϭ 0.04 Ð 0.11; P Ͻ 0.05). Temporal population pairwise comparisons indicated that genetic differentiation slightly decreased over time for all Croatian populations (F ST96 ϭ Ϫ0.01Ð 0.08; F ST09 ϭ Ϫ0.01Ð 0.07; and F ST11 ϭ Ϫ0.02Ð 0.01) and for the Serbian population Surč in (F ST96 ϭ 0.0 Ð 0.07; F ST09 ϭ 0.03Ð 0.05; and F ST11 ϭ Ϫ0.02Ð 0.00; Supp. Table 1 
[online only]).
Genetic Clustering. Bayesian genetic clustering detected two broad genetic clusters (K ϭ 2) in 1996, 2009, and 2011. In agreement, the likelihood analysis based on ⌬K, which was used to detect the real number of clusters (the Evanno method), conÞrmed that two genetic clusters (⌬K ϭ 2) existed among the intercontinental populations investigated from 1996 to 2011. In general the Þrst cluster included all the European populations, and the second cluster included all of the U.S. populations (Fig. 3) . However, the intercontinental temporal clustering that was found was not neat. For example, in the 2009 analysis, two individuals from Concord, NE, and Luther, IA, and one individual from Larrabee, IA, in the United States had European ancestry (Fig. 3B ). The same pattern was found in 2011, although it was much stronger for Luther than the pattern seen in 2009 (Fig. 3C) . The highest U.S. cluster ancestry was found for both Rugvica in Croatia and Surč in in Serbia, in2009 and 2011, the two sites closest to the only international airports in their respective countries ( Fig. 3B and C) . These results suggest that bidirectional gene ßow from Europe to the United States and from United States to Europe occurred from 2009 to 2011. Population Bottleneck. The Wilcoxon signed-rank test showed a signiÞcant (P Ͻ 0.05) heterozygosity excess across all loci relative to driftÐmutation equilibrium, indicative of a bottleneck event having occurred in four of the six populations sampled in Croatia in 1996. For the locations sampled in Croatia in 2009, the opposite pattern was found, where four of the six populations sampled did not display evidence of a bottleneck (i.e., no mode shift or signiÞcant heterozygosity excess). In contrast, the Croatian populations sampled in 2011 all displayed evidence of bottlenecks, with each population having signiÞcant heterozygosity excess and a mode-shift. Both the Wilcoxon signed-rank test and the mode-shift indicator tests determined that bottlenecks did not occur in Serbia from 1996 to 2011 or the United States in 2011.
Identifying the Source Population. The combined highest L i3s and minimum F ST values suggested that Surč in, Serbia, was the likely source of all Croatian populations (Table 3) . (Table 4) . Haplotype A was the most common haplotype found throughout all years sampled within the European populations. While haplotype B was the only haplotype found in the continuous maize locations in the United States, it was also found in four of the Croatian populations sampled in 1996. U.S. crop-rotated sites (where resistant variants are found) had three different haplotypes, where B was the most common; however, haplotypes A and C were also present. Haplotypes A and B were also found in the European populations.
The parsimony network illustrates the relationship of the haplotypes between European and the U.S. populations that differ by one or two mutations only (Fig. 4) . Network analysis of these haplotypes revealed one main haplotype (A) with three direct descendants (B, D, and E). Haplotype C was a direct descendant of haplotype B, while haplotype F showed a distant relationship with haplotypes B and E. One haplotype (G) was not connected in the network, as its divergence ranged outside the 95% parsimony limit. Pairwise F ST estimates showed signiÞcant differences among the European and U.S. populations, excluding the Rugvica, Croatia, versus Minonk, United States, comparison (Table 5) . However, within Europe and the United States, no genetic structure was found in pairwise population comparisons.
Discussion
This is the Þrst study to conduct genetic monitoring of the western corn rootworm on a microgeographic scale using both microsatellite and mtDNA markers. Microsatellite and mtDNA-based estimates of genetic differentiation in Croatia and the United States showed an absence of genetic structure, indicating that these populations are genetically similar and exist as a single population in their respective geographic locations. These results are comparable with those found previously in studies examining the genetic structure of the western corn rootworm in the same geographic locations, in Europe, as those investigated in this study (Ciosi et al. 2010 , Lemic et al. 2013 ).
Owing to the consistently low F ST estimates found among previous studies (see also Miller et al. 2006 also Miller et al. , 2007 Ciosi et al. 2008; Bermond et al. 2012 ) and conÞrmed by this study, the reduced genetic divergence may indicate high dispersal rates or a residual genetic footprint from the historical range expansion in the 1990s as eluded for western corn rootworm in the United States, where populations were undifferentiated over large geographic distances (Kim and Sappington 2005) . Regardless of whether the low F ST values are owing to unrestricted gene ßow or the historical range expansion, genetic structure resulting from crop rotation and other control practices is not yet obvious in Croatia. Nevertheless, in comparison with Lemic et al. (2013) , all pairwise temporal comparisons of Croatian populations showed that F ST decreased at the interpopulation level from 1996 to 2011; however, F ST increased over this period at the intrapopulation level. The same temporal pattern for F ST was found for the Serbian population Surč in. This result is supported by the Þndings of the STRUCTURE analysis, which revealed no genetic differentiation among Croatia and Serbia populations from 1996 to 2011. Previous studies by Ciosi et al. (2008) and Lemic et al. (2013) showed one single cluster within the European outbreak area and Croatian populations. Whether population genetic structure estimates are greater because of crop rotation control practices remains unknown. However, it is unlikely that genetic signature of crop rotation would be detectable so shortly after its implementation in both Europe and Croatia given the Þndings of Kim and Sappington (2005) and Miller (Levine and Oloumi-Sadeghi 1996) .
Temporal bottleneck analyses conducted indicate that from 1996 to 2011, control practices forcibly fragmented populations in Croatia and created artiÞcial bottlenecks. We found that the majority of populations sampled in 1996 had undergone a bottleneck, probably associated with the initial introduction of a small number of individuals in Croatia. However, in 2009, there was limited evidence of bottlenecks occurring in Croatia, and it was not until 3 yr after mandatory crop rotation practices were implemented that populations were being forcibly fragmented and artiÞcial bottlenecks created as seen for all Croatian populations sampled in 2011. Evidently, mandatory crop rotation practices are working to fragment populations, making them easier to control and providing less opportunity for gene ßow.
Although genetic structure estimates indicated that a single population persists in Croatia, the presence of genetic bottlenecks among populations sampled in 2011 indicates the negative effect that crop rotation is having in reducing the overall genetic diversity of Croatian western corn rootworm populations. A loss of genetic diversity in an invasive species is commonly attributed to genetic bottlenecks undergone during introductions; however, this was not found by Ciosi et al. (2010) or Lemic et al. (2013) for the western corn rootworm in Europe. Ciosi et al. (2010) showed there was no loss in allelic diversity in western corn rootworm populations after a genetic bottleneck in Serbia and southern Hungary. Rather, the authors showed a decrease in western corn rootworm population density as a result of the genetic bottleneck brought on by the implementation of crop rotation and additional successful pest management strategies. The integrated pest management strategies were implemented in Serbia for 5 yr before the year western corn rootworm were sampled by Ciosi et al. (2010) , while in southern Hungary, pest management was implemented for 2 yr before their sampling of western corn rootworm. These results suggest that the effects of crop rotation should be present and indicated by decreased genetic diversity and the presence of bottlenecks within the Croatian populations, results that we found in this study.
Analysis of allele frequencies showed that the Rugvica, Croatia, and Surč in, Serbia, populations were genetically diverse in comparison with the other populations sampled in Europe. This increased diversity of alleles may either be because of genetic drift or admixture facilitated by the human-assisted movement of western corn rootworm via international ßights in the trade of commodities. The latter cause is a real possibility, as Zagreb (Pleso) international airport is Ͻ12 km from Rugvica, and Belgrade (Nikola Tesla) international airport is Ͻ2 km from Surč in; however, rigorous Þeld testing of this suggestion must be made to verify it. Five separate introductions of western corn rootworm into Europe have occurred, most likely through international ßights (Miller et al. 2005) ; hence, international travel is possibly responsible for the increase in allelic diversity found at these two locations. Introductions of western corn rootworm from the United States, and other countries in Europe where western corn rootworm is a problem, have the potential to undermine and render current crop rotation practices ineffective. This is of concern, as the two locations closest to the international airports, in Croatia and Serbia, had alleles and allele frequencies similar to those of rotation-resistant populations in the United States (e.g., Table 2 ). Presence of the rotationresistant variant in Europe would require a completely new approach to the management and control of western corn rootworm.
Further to this, Bayesian genetic clustering analysis revealed the possibility of bidirectional gene ßow from Europe to the United States, a result not previously shown for western corn rootworm. Certainly, the STRUCTURE results indicate that repeated introductions have occurred, but the presence of U.S. western corn rootworm that clearly have European ancestry indicates that introductions may have occurred from Europe back to their ancestral source in the United States from 2009 to 2011. An important Þnding was that the highest number of western corn rootworm with U.S. ancestry was found at the two locations closest to the only international airports in Croatia (i.e., Rugvica) and Serbia (i.e., Surčin). While the STRUCTURE results clearly indicate that repeated introductions have occurred, the U.S. samples are more genetically homogenous than European western corn rootworm, yet nevertheless harbor a number of individuals with convincing European ancestry. This Þnding is an important one that warrants further research into recent gene ßow patterns from Europe to the United States. A review of the invasive insect literature has failed to reveal examples of invasive insects that have established in a geographic location and returned to their ancestral source some time later. Given the relaxed quarantine conditions in effect in Europe and the ever increasing international trade in commodities, it is likely further investigations and comparisons of the population genetics of European and U.S. western corn rootworm populations will reveal many more such patterns of mixed ancestry. Evidently intercontinental western corn rootworm introductions are still occurring, and this Þnding highlights the need for the mitigation of new introductions of western corn rootworm from the United States and possibly from Europe to the United States by implementing strict quarantine practices.
To ensure the continued effectiveness of control measures, it is imperative to identify the geographic source of migrating populations (Rollins et al. 2006 ). The use of genetic variation to retrace past movements continues to be important, not only to reconstruct an invasion (by Þnding the source population) but also to track the spread or dispersal of the invasive species (Sakai et al. 2001 , Guillemaud et al. 2011 , Mazzi and Dorn 2012 . Since the discovery of western corn rootworm in Serbia, and the outbreaks that closely followed in Croatia and the rest of Europe, extensive traditional monitoring (i.e., trapping) of the invader has taken place. Although traditional monitoring techniques provide an observational record of the dates of Þrst introduction that can suggest possible source populations of western corn rootworm (European and Mediterranean Plant Protection Organisation [EPPO] 2012), the geographic source of western corn rootworm in Croatia has never been conÞrmed. It is only through the use of genetic monitoring that it was possible to resolve this question, and our results identiÞed Surčin, Serbia, as the likely source of western corn rootworm in Croatia. A result that has long been suspected, but never conÞrmed until now.
As mentioned, mtDNA-based F ST estimates showed substantial sequence homogeneity within the COI region, and the low genetic variation found could not separate the European populations by geographic proximity. However, COI sequence variation was comparable with the microsatellite markers and allowed the segregation of the European and U.S. pop- ulations. The sequence homogeneity found within Europe is congruent with Hu et al. (2008) , who showed similar genetic uniformity, across the 2,700 km of the invaded range of the melon ßy Bactrocera cucurbitae Coquillett, between China and southeast Asia. The genetic homogeneity present in this study may have resulted because the western corn rootworm populations in Serbia and Croatia have not had sufÞcient time to diverge genetically owing to ongoing unrestricted gene ßow. The mtDNA comparisons of temporal haplotype diversity among all European and U.S. populations were greatest within the Croatian populations in 1996, when Þve haplotypes were present. Nearly a decade later, only one of these haplotypes remained within the populations sampled (i.e., haplotype A). The western corn rootworm sampled in 1996 were most representative of the initial invasion and thus characterize the founding populations. The loss of haplotypes between 1996 and 2011 may have been caused by continued genetic bottlenecks associated with their westward migration as seen in the Argentine ant L. humile (Tsutsui et al. 2000) , and their control either through chemical methods or crop rotation as seen in the red imported Þre ants S. invicta (DEEDI 2011) . Furthermore, it is possible that through genetic drift, rare haplotypes have become extinct and the Þxation of a haplotype occurred through repeated colonization events from the source population, Serbia. Indeed, through the microsatellite analyses, Surč in, Serbia, was identiÞed as the source of all Croatian populations.
It is possible that recolonization events (evidenced by low genetic differentiation between Croatia and Serbia) from Serbia into Croatia may have displaced other haplotypes and aided in Þxing haplotype A in Croatia. A similar Þxation of a haplotype was observed in European populations of the Colorado potato beetle Leptinotarsa decemlineata Say; however, the authors suggested that this was because of a single successful founder event or multiple introductions of the same haplotype (Grapputo et al. 2005) . Given the higher number of haplotypes found in the 1996 populations in this study, this scenario is unlikely for the western corn rootworm. The lack of mtDNA genetic diversity found in Le. decemlineata populations may be the result of the small number of beetles collected and analyzed that resulted in nonsampled populations and haplotypes being overlooked. For western corn rootworm, a more detailed investigation into their haplotype diversity in Europe and the United States may help identify the actual number of haplotypes present and allow these haplotypes to be tracked through subsequent introductions and invasions in Europe since 1990s.
Since the implementation of crop rotation in Croatia in 2008, western corn rootworm populations have remained genetically undifferentiated on an intrapopulation level but have genetically changed over time. The detection of recent genetic bottlenecks in all Croatian populations sampled, signiÞcant deviations from HWE and a reduction in allelic diversity suggest that control practices are beginning to reduce the overall genetic variability of western corn rootworm populations in Croatia. Nevertheless, continued gene ßow on a micro-and macrogeographic scale have probably caused the negative trend in haplotype diversity found from 1996 to 2011 and slowed the effects of control practices in fragmenting populations. This study clearly shows the importance of genetic monitoring, as it allows an understanding of the allele and haplotype frequencies present in populations, while assisting with the identiÞcation of new alleles and haplotypes or those with unique rotation resistance. Genetic monitoring also has the ability to elucidate patterns of gene ßow and has indicated that western corn rootworm is undertaking bidirectional gene ßow from Europe back to their ancestral location, the United States.
Genetic monitoring of western corn rootworm is useful in providing sound data for its control, as well as for developing biomarkers to track the movement of rotation-resistant variants. Regardless of whether variants are accidentally introduced to Europe, there is always the chance that established European western corn rootworm populations will adapt to the selective pressure of crop rotation naturally and develop resistance in situ. For this reason alone, routine genetic monitoring of both allele and haplotype frequencies of western corn rootworm in Europe and the United States should be written into management practices for this species. This would eventually allow for the tracking of possible resistant and susceptible alleles and haplotypes throughout populations worldwide and enable a clearer understanding of how these alleles and haplotypes change over time. From a pest management perspective, monitoring the movement of pests and detecting invasions, through the use of established population genetic techniques, is crucial for continued effectiveness of any control strategy.
